e have studied in vitro the effect of a hydroxyapatite (HA) tricalcium phosphate material coated with hepatocyte growth factor (HA-HGF) on cell growth, collagen synthesis and secretion of metalloproteinases (MMPs) by human osteoblasts.
Osseointegration and early fixation of the components of the prosthesis are of utmost importance for a successful uncemented joint replacement. Several studies 1-3 have shown that increased micromovement of the prosthesis soon after operation is associated with a higher risk of failure within five years. Hydroxyapatite (HA) coating of the proximal third of the femoral stem and of the acetabular component is useful to achieve early fixation and osseointegration with reduction of micromovement. [4] [5] [6] [7] [8] To improve the bioactive properties of HA, bone morphogenetic proteins (BMPs), [9] [10] [11] [12] basic fibroblast growth factor (bFGF) 13 and transforming growth factor-ß (TGF-ß) 14 have been adsorbed on HA or tricalcium phosphate.
We have performed a study in vitro to evaluate the effects of an HA-tricalcium phosphate material with or without hepatocyte growth factor (HGF) coating on human osteoblasts. HGF is a protein which stimulates the growth of rat hepatocytes. 15 In epithelial and endothelial cells, it induces cell polarisation and stimulates the formation of tridimensional tubular structures. 16 Its receptor, a tyrosine kinase encoded by the MET proto-oncogene, is overexpressed in human osteosarcomas and the entity of its expression is directly correlated with growth and malignancy of the tumour. 17 HGF has also been found to improve repair of cartilage in dogs 18 and to enhance in vitro the anabolic effects of calcitonin on chondrocytes. In bone tissue, HGF is produced by osteoclasts and has effects on both these cells and on osteoblasts, 19 stimulating chemotactic-orientated migration and DNA synthesis in the former and DNA synthesis in the latter. In this study we have investigated cell proliferation, collagen synthesis and secretion of matrix metalloproteinases (MMPs) which are a family of proteolytic enzymes considered to be important in bone remodelling and in the development of human bone. 20, 21 Materials and Methods
Biomaterial.
We used Triosite (Zimmer, Swindon, UK) which is a porous biphasic material composed of 65 ± 15% hydroxyapatite and 35 ± 15% tricalcium phosphate with less than 15% of other phosphates. The Ca/P ratio is 2 ± 0.2 and the pore size is 400 ± 150 m. hours, air-dried at room temperature and transferred to culture dishes. The HA or HA-HGF coating was added to already plated osteoblasts. After 48 hours, HA granules were firmly attached to the cell monolayers, demonstrating tight contact between HA and osteoblasts. Human osteoblast cell preparation. Specimens of human bone obtained at a total hip replacement were cleaned of soft tissues, reduced to fragments approximately 2 mm in size and digested with 0.5 mg/ml of Clostridium histolyticum neutral collagenase (Sigma Chemical Co, St Louis, Missouri) in phosphate-buffered saline (PBS) for 30 minutes at 37°C. According to Gehron-Robey and Termine, 22 neutral collagenase is able to remove all the fibroblasts and blood cells from the bone fragments. The bone chips were then washed vigorously three times with Iscove-modified Dulbecco's medium (IMDM; Gibco Ltd, Uxbridge, UK) containing 3.02 g/l of sodium bicarbonate and cultured in IMDM supplemented with 10% fetal calf serum (FSC; Gibco Ltd), 100 IU/ml of penicillin, 100 g/ml of streptomycin, 2.5 g/ml of amphotericin B and 50 IU/ml of mycostatin (Eurobio, Paris, France) at 37°C, in a watersaturated atmosphere containing 5% CO 2 . The media were changed every three days. Under these conditions osteoblasts in the explants proliferated and migrated to the culture dishes, reaching confluence within four weeks. Cells were then trypsinised and transferred to appropriate dishes for characterisation and experiment. Osteoblast characterisation. Human osteoblasts were characterised according to the well-established parameters of alkaline phosphatase activity, production of cAMP in response to 10 All the experiments were performed in quadruplicate and repeated three times. Cell proliferation. We carried out proliferation assays in 96-well microtitre plates in serum-free IMDM supplemented with 0.5% fatty-acid-free bovine serum albumin (BSA; Sigma Chemical Co). In all the experiments the cells were exposed for 48 hours to HA or to HGF-coated HA (HA-HGF). As a control group, cells were cultured in IMDM without HA. After 48 hours, osteoblasts were gently washed with PBS, dehydrated with 20% methanol for ten minutes and stained with 0.5% crystal violet for five minutes, followed by extensive rinsing. The dye was released from the cells by the addition of 0.1 M Na citrate in 50% ethanol. The optical density of the released stain solution was read in a Titertek colorimeter (Microtech Bio-rad, Hercules, California) at a wavelength of 540 nm. The results were expressed as a percentage with respect to untreated control wells ± SD. Collagen synthesis. We assessed collagen synthesis by determining the uptake of [ 
and precipitated by the addition of 100% trichloroacetic acid (TCA). After 30 minutes of incubation at 4°C, TCAprecipitable material was pelleted by centrifugation at 955 g, redissolved in 500 l of 0.1% SDS and counted in a Beckman 6000 scintillation spectrophotometer (Beckman Instruments Inc, Fullerton, California) after addition of 500 l of distilled water and 9 ml of scintillation fluid (Beckman Instruments Inc). The results were expressed as a percentage with respect to untreated control wells ± SD. MMP secretion. We assayed secretion of MMPs by zymography of medium collected from cells cultured without HA (control) and with HA or HA-HGF in serum-free IMDM supplemented with 0.5% BSA. Each sample was dialysed using spectrapor molecular porous dialysis membranes with 15 000 molecular weight cut-off (Pierce, Houston, Texas). The proteins were quantified by a micro BCA protein assay reagent kit (Pierce, Rockford, Illinois). For each sample, 30 µg of proteins were loaded on to 8% SDS/ polyacrylamide gel impregnated with gelatin (0.5 mg/ml). After electrophoresis at 35 mA at 4°C, the gel was washed with 2.5% Triton-X 100 and incubated for 16 hours at 37°C in 40 nM Tris-HC1 buffer (pH 7.5) containing NaC1 0.2 M and CaC1 2 10mM. Clear bands, identifying the position of the MMPs, were visualised on the dark-blue background after staining with 0.25% Coomassie Blue R250 and destaining with 50% methanol and 10% acetic acid. Statistical analysis. Since our data were normally distributed but without equal variance among the different groups, we used the Kruskal-Wallis analysis of variance (ANOVA) to determine significance between the different treatments. When significance was found, a Dunn multiple comparison test was used to establish where the difference occurred. We set a level of significance of p < 0.05.
Results
Cell proliferation. The proliferation of osteoblasts was significantly stimulated after exposure to HA granules with respect to the untreated control cells (Fig. 1) . In the HA-HGF treated cells there was a further and significant increase compared with both control cells and HA-coated cells. Collagen synthesis. (Fig. 3) .
Discussion
Hydroxyapatite and tricalcium phosphate are widely used in orthopaedic surgery for their biocompatibility and bioactivity. 23, 24 We have used a commercial HA-tricalcium phosphate material (Triosite) which was coated with HGF and tested in vitro for its effect on cell growth, collagen synthesis and MMP production of osteoblasts. HA significantly stimulated cell proliferation with respect to control cells while in the presence of HA-HGF it reached higher values with respect to HA (Fig. 1 ), indicating that HGF is able to increase the ability of HA to stimulate osteoblast proliferation. After exposure to HA, increased collagen synthesis was found with respect to the control cells (Fig. 2) . In the HA-HGF-treated group, [ 3 H]-proline was significantly increased with respect to HA which suggested a stimulatory effect of HGF. The increased cell proliferation and collagen synthesis seen in the presence of HA-HGF could be explained by the possible role of HGF in bone remodelling. HGF is a growth factor which has been found to have autocrine-paracrine effects on bone cells; 19 it is produced by osteoclasts and promotes DNA synthesis, increases c-Src activity and has a strong chemotactic effect. In osteoblasts, HGF stimulates DNA synthesis and, when used with HA, collagen synthesis (Fig. 2) . HGF also has neo-angiogenic activity, 16 which is of considerable importance in regard to the role of the newly formed capillary network in the formation and organisation of the Haversian system. In normal conditions, HGF may influence bone remodelling by the stimulation of the recruitment of osteoclasts, proliferation and bone resorption by an autocrineparacrine mechanism and then proliferation of osteoblasts and the synthesis of collagen. HA-HGF may therefore be of value as a prosthetic coating since increased recruitment of osteoclasts could help in the removal of non-viable bone produced by reaming bone and the increased osteoblast activity may help to fill the gap between the prosthesis and the bone thereby obtaining earlier osseointegration. Secretion of MMPs was not detectable under control conditions, whereas in cells treated with HA and HA-HGF, they were clearly evident in similar amounts (Fig. 3) . MMPs are a family of proteolytic enzymes expressed by both osteoclasts and osteoblasts 25 including collagenases, gelatinases A and B, and stromelysins. In osteoclasts, they are considered to be important in bone resorption while their precise role in osteoblasts has not yet been established 26 but it is thought that they are involved in bone remodelling, especially during skeletal growth and development and in the pathological resorption which occurs with bone metastasis. 27 In a study of collagenase expression during mouse embryogenesis, Mattot et al 28 found that MMP was expressed only at the onset of bone formation, indicating a role of these enzymes in bone synthesis. In normal human bone, collagenase expression was found in cells synthesising matrix and in lining cells and the strong- The effect of HA and of HA-HGF on the proliferation of human osteoblasts. The results are expressed as the percentage of optical density at a wavelength of 540 nm with respect to untreated control wells ±SD. Fig. 2 The effect of HA and HA-HGF on the synthesis of collagen in human osteoblasts measured by the uptake of [ est signal was seen in areas of new formation of matrix. 25 These findings indicate that in normal bone an increased synthesis of MMPs in osteoblasts could be related to increased bone synthesis. The increased production observed in HA-and HA-HGF-treated osteoblasts may reflect the ability of this biomaterial to activate osteoblasts toward bone synthesis. In our experiments, HA-HGF was not able to increase the production of MMPs with respect to HA, indicating that HGF is probably ineffective in promoting its synthesis and acts mainly on cell replication and collagen synthesis. This selective effect has been reported also in other osteogenic growth factors such as TGF-ß which increases collagen synthesis and cell proliferation but inhibits the level of MMPs in osteoblasts. 29 Our results reflect the clinical evidence that HA is helpful in obtaining better osseointegration of prostheses. 7 In vitro, the coating with HGF was effective in further improving the bioactivity of HA but these promising results require to be confirmed by studies in vivo.
No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article. Fig. 3 Zymograph of medium collected from osteoblasts cultured in control conditions and with HA and HA-HGF showing the presence of MMP 2 and MMP 9 in both HA-and HA-HGF-treated groups.
